Abstract. Agrothereutes lanceolatus is a solitary ectoparasitoid attacking mature larvae, prepupae and pupae of tortricid and pyralid moths, including Homona magnanima, which is an important pest of tea. Adult A. lanceolatus are sexually dimorphic and vary considerably in size in the wild, suggesting they parasitize a variety of hosts of different sizes. Here, the effects of host size on offspring survival, size and sex ratio in A. lanceolatus were investigated. Wild-caught and laboratory-reared parasitoids were used to identify the effects of laboratory rearing on the above three biological parameters. The percentage of hosts producing parasitoid offspring was not dependent on host size regardless of parasitoid generation. Offspring survival was lower in laboratory-reared generations than the F1 generation. Large parasitoids emerged from large hosts. The offspring sex ratio (proportion of females emerging) was positively correlated with host size. The sex ratio at the egg stage (= primary sex ratio) inferred from maternal fertilization act also changed in response to host size, although there was imperfect control of female egg deposition. Thus, the observed sex-ratio resulted from maternal control of offspring sex ratio. A striking difference was detected in the offspring sex ratio in the different generations. Offspring sex ratio was more male-biased in laboratory reared generations. These results suggest that inbreeding depression caused a reduction in offspring survival and the male-biased sex ratio in the laboratory. The sex-ratio difference could result either from the difference in host size in the field and laboratory or from the production of diploid males in the laboratory.
INTRODUCTION
Female parasitoids in the field will encounter many potential hosts. However, hosts are not always suitable for oviposition; some may be nutritionally inferior, being unsuitable for offspring development. Therefore, female parasitoids upon encountering a potential host assess its quality before deciding to lay eggs (Vinson & Iwantsch, 1980a, b; Godfray, 1994; Ueno, 2000; Hajek, 2004; Rehman & Powell, 2010) .
Host-size-dependent host-selection is common among parasitoids because the size of hosts is a determinant of host quality (Charnov & Skinner, 1984; Godfray, 1994; Goubault et al., 2004; Rehman & Powell, 2010; Liu et al., 2011) . For idiobiont parasitoids in which hosts are permanently paralyzed upon parasitization (= oviposition), the amount of the host resources available for the parasitoid offspring is determined by the size of the hosts at oviposition. Thus, host size reflects the size of the resulting offspring, and offspring size largely affects the reproductive success of male and female parasitoids (King, 1987; Ueno, 1999a; Heimpel & Lundgren, 2000; Henter, 2004; Wang & Messing, 2004; Traynor & Mayhew, 2005; Liu et al., 2011) .
Host size is also an important factor influencing parasitoid sex ratio. For haplo-diploid hymenopteran parasitoids, the females can selectively lay female or male eggs by controlling the access of sperm to eggs; during oviposition, they are able to manipulate the release of sperm from the spermatheca as the eggs pass through her genital tract (Godray, 1994; Quicke, 1997) . Unfertilized and fertilized eggs develop into males and females, respectively. Many parasitoid wasps respond to host size by changing sex allocation and lay unfertilized male eggs in small hosts because small females are more heavily penalized than small males (King, 1987 (King, , 1993 Ueno, 1998a Ueno, , 1999a Ode & Heinz, 2002) . Thus, host size affects parasitoid host selection, development, reproductive success and offspring sex ratio. How host size influences these biological parameters is intimately associated with parasitoid life history and biology.
Also, understanding such host-size effects is important for biological control using parasitoids (Jervis & Kidd, 1996; Heimpel & Lundgren, 2000; Ode & Heinz, 2002; Hajek, 2004) . Laboratory hosts are commonly used for mass propagation of parasitoids for biological control. Such hosts are used because natural hosts are often difficult to rear in the laboratory or are costly to mass-rear. Thus it is advantageous to use laboratory hosts because they are easy and cheap to mass-rear. The suitability of such laboratory hosts for parasitoid production should be investigated prior to their selection. Host size is again important in assessing the suitability of a laboratory host as it may differ from that of natural hosts.
Here the basic biology of an ectoparasitoid wasp, Agro thereutes lanceolatus (Hymenoptera: Ichneumonidae), was studied by focusing on the effects of host size on A.
rearing a number of idiobiont ichneumonid parasitoids (Ryan, 1971; Sandlan, 1982; Ueno, 1999a) . In fact, a previous study indicates that G. mellonella is suitable because female A. lan ceolatus readily selects it for oviposition and because 80% of its offspring survive in this host (Ueno, 2002) .
Newly formed cocoons of G. mellonella were selected and collected from rearing cages, and kept at 5 ± 1°C until used in the experiments. Cocoons containing prepupa were used in the tests. Various sizes of G. mellonella cocoon were obtained by changing larval density.
Host size
In order to determine the host-size/host-suitability relationship, hosts of various weights were used. Two groups of females were used in this experiment; wild-caught and laboratory reared females. Wild-caught females were collected in Nagoya City, Japan, using an insect net and were used in experiments 1-2 days later. Wild-caught females readily accepted and oviposited in G. mellonella. Newly emerged females in the F3-F4 generations of the parasitoid culture were the 'laboratory-reared' parasitoids. Laboratory-reared females used in the experiments were 7-10 days old. Before testing recently emerged females they were allowed to mate once and then given access to 2 healthy host cocoons for 2 h every 2 days. Host cocoons used in this pre-experimental treatment were randomly selected from rearing cages, which resulted in cocoons of different sizes being presented to each female parasitoid.
Tests were conducted by presenting each female with 3-4 unparasitized healthy hosts, which had previously been weighed using an electronic balance (Shimazu AUY220, Japan). In the present study, host weight is considered to be synonymous with host size. Behavioural responses of females to hosts were directly observed. Observations started when a female mounted a host and terminated when she left the host. Each host attacked was removed immediately after the female left the host, thus preventing multiple parasitism. Preliminary observations revealed that hosts that had been attacked once contained one parasitoid egg.
Hosts attacked were kept at 20 ± 0.5°C under a photoperiod of 16L : 8D. The sex of emerging parasitoids was recorded. Forewing length of parasitoids was measured and used as an index of offspring size. The wing length was measured under a stereoscopic microscope. Hosts were kept for a maximum of 40 days. All females produced at least one female offspring. In all, 14 wild-caught and 18 laboratory-reared females were used in this experiment.
Primary sex-ratio
This experiment was performed to determine whether the offspring sex-ratio/host size relationship recorded in the above experiment was due to maternal control of the offspring sex-ratio via fertilization control. To do this, abdominal tip movements of ovipositing A. lanceolatus were observed. A number of previous studies have shown that movements of the tip of the abdomen of ovipositing females are of two types; interrupted and continuous, and can be used to determine the primary sex ratio, i.e., sex ratio at the egg stage (Strand, 1989; Ueno, 1995) . The former movement is involved in fertilization and hence production of female eggs and the latter of male eggs.
In this experiment, 14 wild caught females were used. They were provided with host cocoons and their response to cocoons recorded. Each female was observed ovipositing 3 times. When a female attacked a host cocoon, abdominal and ovipositor movements during oviposition were carefully observed under a binocular microscope. After the observations, parasitized hosts were reared as mentioned above in order to confirm the sex of the paralanceolatus. This parasitoid is an important natural enemy of several important lepidopteran pests in tea and fruit orchards (Townes et al., 1965; Yasumatsu & Watanabe, 1965; Mao & Kunimi, 1991) . It is a member of the subfamily Cryptinae and is widely distributed in Japan. Host records include at least 13 species belonging to two families of Lepido ptera. Field studies indicate that A. lanceolatus is multivoltine and the adult parasitoid is active from early spring to late autumn.
The life history of A. lanceolatus is poorly known. Preliminary observations have shown that female A. lanceola tus have a well-developed venom gland. The venom glands of parasitoid wasps are the source of a secretion that paralyses the host. In fact, A. lanceolatus paralyzes hosts before oviposition, which from then on cease growing (Ueno, 2000) . Thus, it is possible that A. lanceolatus gauges host size at oviposition. Like many other ectoparasitoid wasps, A. lanceolatus is a typical idiobiont (Ueno, 2002) . Also, it is a host-feeding parasitoid and produces anhydropic eggs (Ueno, 1999b) .
A. lanceolatus is a sexually-dimorphic species in which the adult males are more slender and have longer legs than adult females. Wild A. lanceolatus vary in adult size. Based on this observation and host records, the size of the hosts of wild A. lanceolatus vary, which should result in hostsize related host selection by this parasitoid, if host size affects the size of parasitoid offspring. In a previous paper, I have demonstrated that, in A. lanceolatus, the size of adult males does not affect male longevity whereas adult female longevity is positively associated with their size (Ueno, 1999b) . Sexually asymmetric effects of adult parasitoid size on longevity indicate that female A. lanceolatus may control the sex-ratio of their offspring in response to host size as the host size model predicts (Charnov et al., 1981; King, 1993) .
Accordingly in the present study I investigate the relationships between host size and offspring performance (i.e. development time, survival, size) in A. lanceolatus when a laboratory host, Galleria mellonella, is used. I also determine the sex ratio of the offspring that emerged from hosts of different sizes. In addition, the effects of rearing on a laboratory host on parasitoid performance and sex ratio were assessed. Based on the results, the relationships between host size and biology of A. lanceolatus are discussed.
MATERIAL AND METHODS

Parasitoid and host
The method of rearing A. lanceolatus is described by Ueno (1999b Ueno ( , 2002 . Newly emerged females of A. lanceolatus were individually placed in plastic containers (10 cm in diameter, 4.5 cm in height) with a male. Tissue paper saturated with diluted honey was placed in the containers as food and replaced twice a week. Male parasitoids were removed after 2-4 days. This treatment was enough to ensure that all female parasitoids were inseminated. The containers were kept at 20 ± 1°C under a photoperiod of 16L : 8D.
The laboratory host G. mellonella was reared on an artificial medium. This host was chosen because it is highly suitable for sitoid offspring. Other aspects of the experimental set-up were the same as in the above experiment.
Analyses
Data were analyzed using JMP (SAS Institute, 2009). ANCOVAs were used to analyze the effect of host weight (covariate) and laboratory rearing (factor) on offspring survival and sex ratio. Simple and multiple logistic regression analyses were used to determine the relationships between offspring sex ratio and host weight.
RESULTS
Host size
In all, 212 hosts were presented to females of which 186 were parasitized. The survival of the offspring of both field and laboratory females of A. lanceolatus was high (> 75%) (Fig. 1) . However, a multiple logistic regression analysis revealed that offspring parasitoid survival differed significantly between generations (Table 1) . Host weight and interactions between host weight and parasitoid generation did not significantly affect offspring survival (Table 1; Fig.  2 ).
Because the effect of host weight on offspring parasitoid survival was not significant, data were pooled prior to calculating the percentage offspring survival for field and laboratory reared females. The survival of parasitoid offspring recorded for the laboratory-reared females was lower than that for the wild-caught females (Fig. 1) (chi-squared test; x 2 = 8.98, P = 0.0027).
The results of the ANCOVA revealed that parasitoid offspring size was associated with host weight and parasitoid sex ( Table 2 ). The interaction between these two factors was not significant. Parasitoid sex had a significant effect because the forewing length of females is longer than that of males. The size of emerging parasitoids increased with increasing host weight (Fig. 3 ) (Regression analysis; N = 31, r 2 = 0.48, F = 27.0, P < 0.0001 for males; N = 45, r 2 = 0.69, F = 97.6, P < 0.0001 for females).
Mean offspring sex ratio for the wild-caught females of A. lanceolatus was 74.1%, whereas that for the laboratory-reared females was 41.9% (Fig. 4) . The difference was highly significant (chi-squared test; N = 155, x 2 = 16.8, P < 0.0001). Binomial tests revealed that the offspring sex ratio for the wild-caught females was significantly biased (x 2 = 19.58, P < 0.0001) whereas that for the laboratory-reared females was not (x 2 = 1.95, P = 0.16). Thus, sex ratio of the offspring of wild-caught females was female-biased.
A multiple logistic regression analysis revealed that the sex of emerging A. lanceolatus was associated with host weight (Table 3 ). The A. lanceolatus sex ratio also differed significantly for the field and laboratory reared females (Table 3) . Simple logistic regression analyses revealed that the proportion of the emerging offspring of A. lan ceolatus that were female increased with increase in host weight (Fig. 5) (N = 81, r 2 = 0.24, x 2 = 22.1, P < 0.0001 for the wild-caught females, N = 74, r 2 = 0.22, x 2 = 22.3, P < 0.0001 for the laboratory-reared females). These analyses also revealed that the estimated host weight at which the parasitoid sex ratio was equal was 65.7 mg for the wildcaught females and 102.6 mg for the laboratory-reared females, respectively (Fig. 5) 
Primary sex-ratio
In order to lay an egg female A. lanceolatus have to insert their ovipositor into a cocoon of a host. During ovipositor insertion, the base of the ovipositor moved rhythmically. The movements of the base of the ovipositor were of two types: continuous and interrupted. It was also possible to see an egg passing through the base of the ovipositor; which confirmed that oviposition had occurred. Just prior to the egg being seen, it was frequently observed that the movements at the base of the ovipositor ceased at most for 2-3 s and then started again. In other cases the movements did not cease.
In total 40 of 42 hosts were attacked by the female parasitoids. Although in most cases the movements at the base of the ovipositor were either continuous or interrupted, in 2 cases, the movements were difficult to categorize because There was a significant difference in the relationships for field and laboratory reared females (see Table 3 ). Dotted lines indicate host weights at which a 1 : 1 sex ratio is recorded. they were too short. In 3 cases, females stood still with their ovipositor inserted in a host for more than 5 min. In these cases, the observations were terminated before confirmation of oviposition and the data excluded from the analysis. Thus, in total 11 parasitoids were recorded as showing continuous and 24 interrupted movements and included in the following analyses.
The proportion showing interrupted movements increased with increasing host weight ( Fig. 6 ; solid line) (logistic regression analysis; N = 35, r 2 = 0.34, x 2 = 14.9, P = 0.0001). Of the 35 hosts parasitized, 31 produced parasitoid offspring (offspring survival = 88.6%). Hosts parasitized by parasitoids showing continuous movements produced only male parasitoids (100% accuracy), whereas the percentage of females was 90.5% for hosts parasitized by parasitoids showing interrupted movements. The percentage of female offspring based on the type of abdominal movement was 68.6% and did not differ from that of the offspring that emerged from the hosts (Chi-squared test; x 2 = 0.38, P = 0.54). The parasitoid sex ratio (proportion of the female offspring that emerged = secondary sex ratio) also increased with host weight ( Fig. 6 ; dotted line) (logistic regression analysis; N = 31, r 2 = 0.17, x 2 = 7.76, P = 0.0053). The two logistic curves were similar. The pattern was also similar to that for the offspring sex ratio in response to host weight (Fig. 4) . Male parasitoids emerged from hosts on which female parasitoids exhibited continuous movements during oviposition. In contrast, female parasitoid offspring emerged from hosts on which the mother parasitoids exhibited interrupted movements, although the control of fertilization was imperfect, which resulted in production of some males.
DISCUSSION
Host suitability
Small hosts are generally less suitable for parasitoid larval development, resulting in greater mortality and production of small parasitoid offspring, whose fitness (fecundity, longevity, etc.) is also usually low (King, 1987; Godfray, 1994; Quicke, 1997) . Thus, the study of host-size/suitability relationships enables the identification of the most suitable host-size range for rearing parasitoids. In the current study, a wide range of hosts differing in weight were used to determine a host-size/suitability relationship for A. lan ceolatus. The results indicate that A. lanceolatus can develop equally successfully in both small and large hosts ( Table 1 ; Fig. 2) and that suitability of G. mellonella as a host does not depend on its size (Fig. 2) . The results indicate that A. lanceolatus can parasitize a wide range of hosts of different sizes.
Host size had a strong effect on the size of the offspring of A. lanceolatus (Table 2 ) with large parasitoids emerging from large hosts (Fig. 3) . Such a positive relationship has repeatedly been reported for the great majority of solitary parasitoids (King, 1987; Ueno, 1998 Ueno, , 1999a . The positive relationship between parasitoid size at emergence and host size is because large hosts contain more resources for the developing parasitoids. Thus, although G. mellonella cocoons of a range of different sizes are highly suitable for rearing A. lanceolatus, the use of small cocoons results in the production of small parasitoids. As small females of A. lanceolatus have short lives (Ueno, 1999b) , it is preferable, wherever possible, to use large cocoons of G. mellonella as hosts.
Evidence for the control of sex allocation
Although many studies demonstrate a host-size-dependent sex-ratio at emergence in parasitoid wasps (King, 1987 (King, , 1993 , relatively few provide direct evidence of maternal control of offspring sex-ratio. Experimental evidence so far consists of chromosome counts at the egg stage (Ueno & Tanaka, 1997; Ueno, 1998b) , detailed records of oviposition behaviour (Ueno, 1999a) and, more recently, the use of microsatellite DNA or RAPD markers to confirm the offspring sex at the egg stage (van Baaren et al., 1999; Abe et al., 2009) . Signs indicating fertilization that can be inferred from abdominal tip movements during oviposition are reported for several hymenopteran parasitoids and sawflies, and are a useful tool for studying maternal sex-ratio control (Strand, 1989; Lee et al., 1998; Yamada & Kawamura, 1999) . This paper presents evidence that the sex of deposited eggs can be determined by observing abdominal tip movements of ovipositing A. lanceolatus. The offspring sex ratios estimated by recording the movements at the base of the ovipositor of A. lanceolatus are host-size-dependent and consistent with the sex ratio of the emerging adults (Fig. 6 ). This indicates that the host-size-dependent sex ratio in A. lanceolatus is maternally controlled by controlling fertilization of the eggs. A curious result was obtained. The estimated offspring sex ratio appeared to be more female-based than that of the offspring at emergence. In fact, oviposition associated with continuous movements always resulted in the emergence of males whereas when associated with interrupted movements it did not always result in the emergence of females, but the accuracy was satisfactorily high (see the Results). Thus, the offspring sex ratio at the time of parasitoid emergence is more male-biased than that inferred from ovipositor tip movements.
Given that interrupted movements should indicate a maternal decision to fertilize and so lay a female egg, the results suggest that fertilization does not always occur, possibly due to physiological causes, which results in the laying of male eggs. The presence of physiological constraints on sex-ratio control has been suggested in a number of cases. A decrease in proportion of female offspring with maternal age is reported for a number of parasitoids, which has been attributed to shortage of sperm (Avilla & Albajes, 1984; Ueno, 1995; Henter, 2004) . Curiously, females of A. lan ceolatus mate several times (T. Ueno, unpubl.) and, in my experiment, each female was allowed to mate only once. A single mating might not be enough for a female to lay female eggs throughout her adult life.
Alternatively, diploid males may be an explanation. Diploid males are recorded for a number of ichneumonids and other Hymenoptera (Quicke, 1997) . If this is the case for A. lanceolatus, inbreeding in a laboratory culture could result in the production of diploid males, decreasing the proportion of female offspring while the estimated sex-ratio at oviposition remains constant. Unfortunately, in my sexratio experiment, care was not taken to avoid brother-sister mating. Factors causing a male-biased sex ratio at parasitoid emergence remain unresolved.
Host-size-dependent sex ratio
For many parasitoids, the proportion of males among emerging parasitoids declines as host size increases (King, 1987 (King, , 1993 . Ovipositing females of A. lanceolatus are able to assess the size of host prepupae enclosed in cocoons and change offspring sex ratio accordingly. A striking result of the present study is the marked difference in offspring sex ratio in response to host size detected for the field and laboratory reared parasitoid females. A higher proportion of female offspring emerged from most classes of host size when wild-caught females rather than laboratory-reared females were used (Fig. 5) . As a result, the mean offspring sex ratio of A. lanceolatus is female-biased for wild-caught females (Fig. 4) . This difference is attributable either to differences in sex allocation behaviour in field and laboratory reared females or inbreeding depression during laboratory rearing, or both.
Female age influence sex allocation in a number of parasitoids (Avilla & Albajes, 1984; King, 1987; Simbolotti et al., 1987) . If this is the case for A. lanceolatus, the difference in the ages of the field and laboratory females might account for the differences in offspring sex ratio. Age of wild caught females used in the present study was not known, although the unworn condition of their wings indicated they were young. Old females are known to produce a more male-biased offspring sex ratio (Avilla & Albajes, 1984) . In fact, a female-biased sex ratio was recorded for wild-caught females (Fig. 4) . This indicates that the difference in female age is not the explanation.
Alternatively, inbreeding depression may be the explanation. In this case, two processes could be involved: increased mortality of female offspring and production of diploid males. Offspring mortality is considerably higher when laboratory-reared rather than wild-caught females are the mothers (Figs 1 and 2 ). This may be because female offspring are more likely to die than the male offspring of laboratory-reared females. An increase in the production of diploid males may also be the reason. Diploid males are reported in a number of ichneumonid wasps when inbreeding occurs in species with CSD systems (Quicke, 1997; Heimpel & Lundgren, 2000; Ode & Heinz, 2002) . Male-biased sex ratios are reported for many commercially reared parasitoids, and inbreeding is the usual explanation (Ueno, 1999c; Heimpel & Lundgren, 2000) . In many cases, factors leading to differences in sex ratios of field and laboratory females remain to be resolved.
It is well known that a number of biological parameters change during the mass rearing of insect natural enemies, including parasitoids. Offspring survival and sex ratio are thought to be among such parameters (Jervis & Kidd, 1996; Heimpel & Lundgren, 2000; Ode & Heinz, 2002) . Nevertheless, few studies have examined the process by which such changes occur during mass rearing. Very few studies have focused on changes in biological parameters from the initial establishment of a culture, i.e., parameters for F1 generations (Ueno, 1999c) . However, determining the biological parameters of F1 generations is important because knowing the qualitative and quantitative differences between mass-reared natural enemies and wild natural enemies is crucial for assessing the quality of massreared natural enemies.
